Carotid artery atherosclerosis is a major cause of ischemic stroke. For more than 30 years, future stroke risk and carotid stroke etiology have been determined using percent diameter stenosis based on clinical trials in the 1990s. In the past 10 years, magnetic resonance imaging (MRI) sequences have been developed to detect carotid intraplaque hemorrhage. By detecting carotid intraplaque hemorrhage, MRI identifies potential stroke sources that are often overlooked by lumen imaging. In addition, MRI can dramatically improve assessment of future stroke risk beyond lumen stenosis alone. In this review, we discuss the use of heavily T1-weighted MRI sequences used to detect carotid intraplaque hemorrhage. In addition, advances in ciné imaging, motion robust techniques, and specialized neck coils will be reviewed. Finally, the clinical use and future impact of MRI plaque hemorrhage imaging will be discussed.
Introduction
Cardiovascular disease and stroke are among the leading causes of morbidity and mortality in the United States, with total yearly costs exceeding $300 billion. 1 Large artery (eg, carotid) atherosclerosis is the cause of approximately 200 000 or 25% of the 795 000 ischemic strokes occurring each year. 2 Historically, carotid stenosis severity has been used to stratify patients to surgery or medical treatment. In 1991, the North American Symptomatic Carotid Endarterectomy Trial (NASCET) cemented the role of carotid stenosis as a predictor of stroke risk, leading to our current approach for intervention. 3 In symptomatic patients with ⩾70% stenosis, NASCET found that surgery outperformed medical therapy with a number needed to treat (NNT) of 6. Soon after NASCET, the Asymptomatic Carotid Artery Stenosis (ACAS) trial found surgery to be beneficial in asymptomatic patients with ⩾60% stenosis with a higher NNT of 19. 4 Although the importance of carotid atherosclerosis as a cause of ischemic stroke cannot be disputed, percent stenosis is an imperfect predictor of future stroke risk. Despite the proven benefit of operative treatment, most patients with carotid disease will not have a subsequent stroke. If stenotic but stable plaques could be identified, many surgeries and health care expenses could be eliminated. Cerebral ischemic events related to carotid plaque are associated with plaque instability, but not necessarily hemodynamic compromise from stenosis, which does not reduce blood flow until it exceeds 90% narrowing. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The American Heart Association (AHA) has been working toward the goal of improving cardiovascular health by reducing death from cardiovascular diseases and stroke. 22 Recent advances in carotid plaque magnetic resonance imaging (MRI) may help achieve this goal by better diagnosing unstable carotid plaque by detection of vulnerable plaque components, including intraplaque hemorrhage (IPH).
Clinical Importance of Carotid IPH
Atherosclerosis causes morbidity and mortality largely due to AHA type IV (atheroma) and type V (fibroatheroma) lesions, in which there is disruption of the plaque surface, thrombus formation, and potential embolism. 23 If these plaques have superimposed IPH, this indicates an AHA type VIb or "complicated" plaque. Type VI plaques are often associated with symptoms and severely stenotic (obstructive) lesions. Still, type VI plaques can occur even without stenosis. In fact, most of the coronary events are associated with <50% stenosis. 24 Large clinical trials have found that the benefit of carotid endarterectomy is blunted in the setting of severe stenosis or near occlusion, and it is postulated that the potential for thromboembolism is greatly reduced when the distal artery is severely narrowed. [25] [26] [27] These findings suggest that thromboembolic potential is primarily linked to plaque characteristics, and flow
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Intraplaque hemorrhage is thought to result from plaque microvessel leakage during bouts of hypertension, leading to plaque progression and instability. [28] [29] [30] [31] [32] Intraplaque hemorrhage increases the necrotic core size and plaque volume, both of which are markers of plaque instability. 18 Prospective studies have found that carotid IPH leads to continued plaque growth and stenosis progression. 33 Microhemorrhages in the necrotic core lead to a feed-forward mechanism of further plaque growth and instability. 7 Thin, ruptured fibrous cap or plaque fissure, another culprit of vulnerable plaque progression, is highly associated with IPH. [34] [35] [36] Despite these plausible mechanisms of IPH, and our ability to detect it, no treatment has been shown to reverse these lesions, and no randomized trials have been conducted.
Multiple retrospective studies evaluating plaque composition have been performed, and subgroup analyses have found that IPH is important in stroke risk stratification. 5, 19, [37] [38] [39] [40] [41] Of carotid plaque components, IPH is of particular interest both because it increases future risk of ischemic stroke 7, 9, 12, 13, [15] [16] [17] [18] 28, [41] [42] [43] [44] [45] [46] and it occurs in approximately onethird of asymptomatic and a higher proportion of symptomatic carotid lesions with at least 50% stenosis. 10, 11, 18 Heterogeneous plaques with IPH have been correlated with a higher incidence of prior embolic stroke 9, 16, 17, 40, 45 and white matter lesions. 14 Early meta-analyses of 8 longitudinal studies found that the presence of IPH was associated with a ~6-fold increased risk of ischemic events (hazard ratio [HR]: 5.7) with higher risk in symptomatic (HR: 11.7) than asymptomatic (HR: 3.5) subjects. 16, 18, 47 Three recent meta-analyses from 2013 also demonstrated that a high percentage of patients with symptomatic IPH will have repeat stroke, with annual risk ranging from 15% to 45%. [48] [49] [50] This is despite standard medical therapy, including 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors (statins), antiplatelet medication, and blood pressure control. Recent and ongoing studies indicate that IPH signifies a high risk of stroke, independent of carotid stenosis, and is an important marker of carotid plaque vulnerability. 51, 52 Computer simulation models also lend credence to the use of MRI-IPH as a cost-effective tool to identify patients with asymptomatic carotid stenosis likely to benefit from surgery. 53 
IPH Detection With MRI
For nearly 40 years, pathology studies on large-artery atherosclerosis have linked IPH to stroke etiology. 11, [54] [55] [56] Only now, after 10 to 15 years of sequence development and histology validation, MRI has been perfected to image carotid IPH noninvasively.
T1-Weighted Sequences in IPH Detection
For some time, controversy existed concerning the specificity of T1-weighted (T1w) sequences in detecting carotid IPH. Most of the initial work using MRI on atherosclerotic plaque concentrated on T2-weighted (T2w) sequences. When T1w sequences were used, the primary aim was initially to detect plaque lipid. In addition, early studies were primarily performed on in vitro or animal specimens, limiting clinical application. [57] [58] [59] [60] [61] In the mid-1990s, Toussaint et al 62 used T2w sequences to discriminate plaque components, including lipid core, fibrous cap, calcification, normal media, adventitia, IPH, and thrombus. Other studies followed and used multiple MRI sequences (multicontrast MRI) to discriminate between complicated and uncomplicated plaques. 63, 64 In the early 2000s, T1w sequences were found to also detect IPH. In 2001, Yuan et al 65 found that both IPH and lipid/ necrosis were T1 hyperintense. Later, in 2003, Murphy and Moody demonstrated that a T1w MRI sequence could identify complex plaque (AHA type VI) using the magnetizationprepared rapid acquisition gradient echo (MPRAGE) sequence. 13, 43 Since then, these heavily T1w MRI sequences have been shown to have unparalleled sensitivity and specificity in detecting IPH when compared with other imaging techniques, including ultrasound, computed tomographic angiography, and digital subtraction angiography. 6 A variety of T1w sequences can be used to detect carotid IPH (Table 1 ). These include 3-dimensional (3D) MPRAGE, 3D time-of-flight, and conventional T1w sequences. Of these sequences, MPRAGE has the highest specificity (97%) and sensitivity (80%) in the detection of carotid IPH compared with histology. 66 This was similar to results from earlier work in 2008 on another T1w sequence in which 97 images were compared with histology and demonstrated high accuracy, specificity, and sensitivity (87%-90%, 80%-88%, and 94%-100%, respectively). 67 More recently, the MPRAGE sequence was used to detect IPH and found to also correlate with large necrotic cores. 42 To determine which of these was being detected, another study found that MPRAGE-positive area correlated with IPH but not lipid or necrotic core (LNC) on a slice-by-slice comparison with histology slides. 68 The reason for the high accuracy of MPRAGE is that various plaque components with a relatively long T1, such as fibrous tissue and the lipid-rich necrotic core, are also suppressed owing to the inversion-recovery preparation and fat saturation. This results in the MPRAGE sequence having the highest tissue contrast between IPH and background structures. Because of this and the multiple prior studies above demonstrating histologic validation, our group and others have adopted the MPRAGE as the standard method to diagnose carotid IPH.
MPRAGE Detection of Carotid IPH
Plaque is considered "MPRAGE positive" if it exceeds a 2-fold signal threshold over adjacent sternocleidomastoid muscle, as previously described. 68 Using the carotid MPRAGE sequence in patients prior to carotid surgery, we have found a very high (>90%) accuracy, sensitivity, and specificity in detecting IPH versus LNC (Figure 1 ). 68 
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Specialized Versus Standard Neck Coils
With recent advances, carotid MRI is becoming a more useful tool in standard clinical practice. To fully transition to the clinic, high-sensitivity MRI coils must integrate well with the clinical environment and the variety of neck shapes and sizes. In many carotid imaging research studies, specialized neck coils are used to obtain images with high signal-to-noise ratio (SNR). [69] [70] [71] [72] Early custom-made carotid coils consisted of bilateral dual-element phased array coils. 70, 72 Initial results with specialized coils suggested that there was no significant advantage over standard clinical coils in the detection of IPH, 68 but this result may be more of an indication of the difficulty encountered using this type of specialized coils. Because prior coils typically required sponges and straps to position them on the patient's neck, it was difficult to position them without differences in pressure against the neck, and as a result, changes in normal neck configuration and blood flow can easily occur. In addition to the difficulty in positioning these coils, it was often required to reposition the coils to place them directly over the carotid bifurcation. These difficulties combined with the need to remove commercial coils from the patient's table before use and the extra time required to change out the coils and position them correctly on the patient have all but eliminated their use in the clinical setting.
Recently, we have designed coils as a single coil former that is designed to integrate with commercial coils. 73 Consequently, these coils are easy to position on a patient's neck with uniform pressure and without changes in neck configuration and blood flow, and they do not require repositioning to place the coil over the bifurcation. Their integration with the commercial coils ( Figure 2) eliminates the need to remove the commercial coils from the patient's table and allows the other coils to be used simultaneously in conjunction with the high-resolution neck coils for full head/ neck imaging. Use of these coils combined with optimized pulse sequences also allows full coverage of the head and neck with high-resolution, efficient imaging of the craniocervical vasculature, making the technique easily adaptable to the clinical setting ( Figure 3 ). These coils can give very high SNR, with gains of approximately 200% to 400% over standard clinical anterior neck coils, depending on carotid depth.
T Versus 3 T
For the MPRAGE sequence to transition from the research to clinical setting, it was important that intra-and interrater reliability remain high at 1.5 T compared with 3 T. In applying the sequence to a large clinical population, MPRAGE had very good inter-and intrarater reliability at 1.5 T, similar to 3 T. The prevalence-adjusted and bias-adjusted kappa values at 1.5 T remained as high at 3 T. These results argue that carotid IPH detection with MRI, previously isolated to 3 T research subjects, can be used clinically at 1.5 T. 68 Surprisingly, image quality at 1.5 T was rated higher than 3 T by radiologists, even after controlling for potential confounders (body mass index, age, male sex, and MPRAGEpositive signal). This was secondary to slightly increased image artifacts at 3 T compared with 1.5 T images, a well-known limitation of high-field imaging. 74 Identifying and correcting the limitations of carotid MRI are extremely important as the MPRAGE sequence is increasingly added to the clinical workup of stroke and future clinical trials. As IPH detection changes from a binary diagnosis (present versus absent) to a volumetric measurement to monitor treatment effect and failure, accurate quantification of IPH volume is required. This requires neuroradiologists to be aware of potential artifacts and sequence modifications to obtain optimal SNR at 3 T.
MPRAGE Limitations
MPRAGE image quality can be degraded by a variety of factors. These include motion from respiration or cardiac pulsation, incomplete blood flow suppression, incomplete fat saturation, and decreased SNR. 68 The 3 T MRI has the advantage of increased SNR over 1.5 T and allows higher resolution imaging of small plaques. Still, 3 T imaging is not without disadvantages. Motion artifacts secondary to view-to-view phase errors result in signal amplitude variation and ghosting proportional to magnetic field strength. Fat saturation failure secondary to B0 inhomogeneity is a known complication of 3 T imaging, with susceptibility variations 2-fold higher than at 1.5 T. These artifacts can be decreased by improved field shimming and isocenter positioning of the carotid bifurcations. 75 Flow artifacts can also be more evident at 3 T compared with The standard magnetic resonance imaging head/neck coil can be fitted with a 7-channel neck-shape-specific coil that fits close to the surface of the neck. This provides significantly higher SNR than the commercial coil alone.
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1.5 T due to magnified effects of susceptibility-induced inhomogeneity. 68, 75, 76 In addition to the above limitations, IPH is also difficult to detect when present in small amounts or in the setting of heavy calcification. 66 In an effort to improve interrater reliability, the MPRAGE sequence has been modified and alternative methods have been developed to overcome these potential limitations. Flow artifact and cardiac pulsation artifacts can be eliminated by applying cardiac gating and postprocessing to create a ciné-MPRAGE sequence. 77 Furthermore, the radial-based k-space trajectory stack of stars (SOS) MPRAGE results in more robust flow suppression, reduced motion sensitivity, and higher image quality compared with Cartesian MPRAGE while retaining high interrater reliability (Figure 4) . 78 These sequences suppress all background tissue and flow-related signal and will enable automated IPH volume calculation.
Alternative methods can also separate flow artifact from high wall signal. The slab-selective phase-sensitive inversionrecovery technique was developed by combining a phase-sensitive reconstruction with a T1w sequence designed to achieve improved IPH imaging. 79 More recently, 3D Simultaneous Noncontrast Angiography and IPH (3D-SNAP) was developed to simultaneously detect lumen stenosis and IPH and was comparable with MPRAGE (kappa = 0.82). 80 However, the SNAP sequence is more motion limited in practice due to longer, approximate double imaging times compared with MPRAGE (Table 1) . Multisequence methods such as multicontrast atherosclerosis characterization simultaneously obtain 3 different contrast weightings (hyper-T1w, T2w, and gray blood) in a 5-minute scan and can separately image IPH, lipid/necrosis, and calcification. 81, 82 These novel methods may represent future alternatives or additions to MPRAGE imaging.
Other sequences have also been used to help age and characterize blood products in carotid IPH. The calculated water diffusion coefficients (apparent diffusion coefficient [ADC]) in different components within atherosclerotic plaques suggest that diffusion-weighted imaging (DWI) might also provide a tool for discriminating IPH and LNC from other plaque components. 83 Diffusion-weighted imaging evaluation of hemorrhage and calculation of the ADC in vitro reflect the stages of thrombus aging and organization. 84 Lower ADC values have also been associated with carotid IPH and may provide additional information on hemorrhage age, plaque vulnerability, and future stroke risk. 85 Future studies will be needed to determine that IPH ADC values add significant discrimination to stroke risk.
Additional Markers of MRI-Detected IPH
Much like duplex carotid ultrasound, peak systolic velocity can be used as a surrogate marker for percent diameter stenosis, and other imaging findings hint to the likelihood of carotid IPH. Research has found that IPH likelihood increases with degree of carotid stenosis. 86 Intraplaque hemorrhage also positively correlates with plaque volume and thickness. 87 Computed tomographic angiography-detected ulceration can also be used to predict IPH. 88 In addition to these imaging markers, IPH has been found at higher prevalence in men and in higher age groups. 89 With these findings in mind, predictive models of IPH have been developed. Maximum plaque thickness, millimeter stenosis, ulceration, age, and male sex can predict carotid IPH with a high discriminatory power. 90 The finding that plaque ulceration is strongly predictive of IPH may suggest that IPH may predispose to endothelial dysfunction, erosion, and eventual ulceration through proinflammatory effects of iron on reactive oxygen species formation. 91 The association of thickness with IPH suggests that larger plaques are inherently more unstable and prone to hemorrhage, potentially due to a larger lipid-rich core and/or a higher number or more permeable plaque neovessels. Results from studies with dynamic contrast-enhanced magnetic resonance imaging suggest that microvascular permeability predisposes to IPH. 92, 93 In addition, stenosis is a significant indicator of IPH, which may be related to impaired flow dynamics and oscillatory shear stress given that IPH develops in areas of stenosis and low wall shear stress. 94 Low mean shear stress and in particular oscillatory shear stress lead to altered endothelial cell mechanotransduction and endothelial reactive oxygen species formation in cell culture models. [95] [96] [97] [98] Oscillatory shear stress at branch points and downstream of stenosis could stimulate IPH through local inflammation and microvessel leakage. Age is also associated with IPH, and this may be related to increased levels of oxidative stress, DNA damage, mitochondrial dysfunction, and altered balance of cell proliferation and apoptosis. 99 The increased likelihood of IPH in men may be related to the protective effect of estrogen in women or sex differences in platelet activation or endothelial cell function. 100, 101 Figure 4. Optimized magnetic resonance imaging-intraplaque hemorrhage imaging with magnetization-prepared rapid acquisition gradient echo (MPRAGE): comparison of (A) standard Cartesian MPRAGE (top = coronal, bottom = axial reformat) with (B) an optimized stack of stars MPRAGE sequence (top = coronal, bottom = axial reformat) demonstrates complete suppression of flow artifact and background tissue signal. This patient has bilateral carotid intraplaque hemorrhage centered at the bifurcations. Both sequences were acquired in the same patient with neck-shape-specific coils.
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These studies may provide clues to the pathogenesis of IPH. Animal models also indicate that IPH can be stimulated by angiotensin II administration. 102 In a human study, however, IPH was not associated with angiotensin II levels, but instead with low vitamin D. 103 Vitamin D is a known negative regulator of the angiotensin system and may have local effects on the vessel wall. 104 Although some have postulated that hypertension induces neovessel rupture and IPH, only a few studies have found a link between hypertension and IPH. Confounding by antihypertensive use may explain this. When controlling for antihypertensives, studies have found no association with elevated blood pressure. 90 Recently, carotid IPH was independently associated instead with low diastolic blood pressure and was not attributed to medication differences. 105 Furthermore, studies have found an association between carotid IPH and antiplatelet use. 105, 106 These and the above associative studies represent steps toward understanding the pathophysiology and will lead to future clinical trials aimed at decreasing carotid IPH and future stroke risk.
Conclusions
In summary, accurate detection of carotid IPH is accomplished using advanced, heavily T1w techniques, including the MPRAGE sequence. Intraplaque hemorrhage has been established as a primary determinant of carotid plaque instability. Magnetic resonance imaging detection of IPH is possible on all vendor platforms with standard pulse sequences and can be accomplished at both 3 and 1.5 T. It is important to be aware of the potential MRI-IPH artifacts, including motion degradation, fat saturation failure, and incomplete flow suppression. To counteract these potential artifacts, one should consider a modified sequence, such as the SOS-MPRAGE technique. Nevertheless, using the MPRAGE sequence, IPH determination has been validated with histology and has high intraand interrater reliability at both 1.5 and 3 T field strengths. Advances in ciné imaging, motion-insensitive MPRAGE, and form-fitting high SNR coils allow quantification of IPH volume at 3 T. The MRI-IPH imaging will be required for randomized controlled trials to determine the potential benefit of novel medications, surgical intervention, or stenting. Now that IPH can be detected noninvasively, our goal is to reduce primary and secondary stroke risk in this vulnerable population.
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